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Abstract — Predictive biological simulations depend on
accurately physical parameters that we often cannot directly
measure. This issue is a particular problem for self-assembly, a
ubiquitous phenomenon in cellular systems, where we often lack
the ability to experimentally probe individual steps in a
complicated cascade of reactions. Here, we address the
parameter inference problem in the context of virus capsid
assembly, an important model system of macromolecular
self-assembly, by using simulation-based data fitting to match
parameters of stochastic simulations to indirect measures of
bulk capsid assembly in vitro. We apply our method to three
viral systems: human papillomavirus (HPV), cowpea chlorotic
mottle virus (CCMV) and hepatitis B virus (HBV). The results
suggest a surprising diversity and complexity of assembly
methods for the three systems. Such methods may have much
broader value for instantiating models of complex biological
systems for which we lack direct experimental methods.
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I. MOTIVATION

IRUS capsid assembly is a key model system for

complicated self-assembly processes, which has
attracted considerable interest across different modeling
communities[1]. Simulation methods have proven valuable
for characterizing possible mechanisms of capsid assembly,
understanding potential pitfalls to efficient assembly, and
learning strategies by which viruses overcome them.
Simulation studies so far, however, have been able to say
little about the assembly kinetics of any specific virus, in
large part because we lack detailed reaction rate parameters
needed to parameterize simulations. No current experimental
method can measure rates of individual steps in the assembly
reactions and the limited kinetic data available provides only
bulk averages over the assembly of many capsids in vitro
from purified viral coat proteins [2-4].

To address this problem, we previously developed a
simulation-based data fitting method to learn rate parameters
consistent with both structure-based rule sets and
experimental light scattering data and applied it to bulk
assembly progress of HPV in vitro [5]. In the present work,
we extend the previous method to fit multiple time courses
simultaneously in order to reduce possible ambiguity in
parameters. We further apply the work to a collection of three
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icosahedral viruses — HPV [2], CCMV [3], and HBV [4] —to
test the generality of the methods and gain insight into the
diversity of mechanisms used by different real viruses.

Il. MODELING AND METHODS

Our methods rely on stochastic simulations of capsid
assembly developed in our prior work [6], which implement a
coarse-grained model of capsid assembly using interaction
rules describing binding sites, binding preferences, and
interaction rates for interactions of basic assembly subunits
(coat proteins or small oligomers). We fit rate parameters to
light scattering measurements of bulk in vitro assembly by
minimizing a root mean squared deviation (RMSD) between
the experimental curves and artificial curves implied by the
simulations. Our method implements gradient-based and
response-surface local optimization methods with a heuristic
global search to find an optimal parameter fit. To reduce the
potential for multiple local optima, we perform this search
simultaneously for multiple light scattering measurements
representing distinct assembly concentrations.

I1l. RESULTS

We apply our method to the three viral systems, learning
for each a set of on- and off-rates providing a closest match to
the observed data. The resulting fits suggest three very
different in vitro assembly mechanisms, with HPV capsid
assembly by addition of individual subunits in a
non-nucleation limited pathway while the other two viruses
show clear features of nucleation limited assembly and more
complicated ensembles of assembly pathways involving
interactions of distinct sets of oligomer intermediates. These
fits provide a basis for exploring how these mechanisms
might vary between in vitro and in vivo assembly conditions.
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